Introduction
In 2004, George W. Bush, the U.S. President of the day announced the policy in the aerospace field. 1) One of his intentions was reflected in the NASA announcement that they would go back to the moon by a manned flight by 2020 and build a permanent base on the moon. In April 2005, the Japan Aerospace Exploration Agency (JAXA) also launched a long term program in the aerospace field for the next 20 years as a long-term vision, 2) and stated that "Construction technology of the moon base" would bring Japan expansion of the human activity area and strengthening of the competitive edge. The two organizations have the same standpoint that the In-Situ Resource Utilization (ISRU) is the most important concept to realize the construction of the moon base: the transportation of structural materials such as iron from the earth to the moon needs huge energy and cost, and natural resources on the moon must be utilized to produce useful materials. Fortunately, the Apollo 14 mission revealed that the lunar soil contains approximately 10 mass% of iron oxides, which can be utilized as iron resource, while there is no candidate material as reducing agent. Thus, as a first step, the present work takes up graphite as the reducing agent in terms of the safety during the transportation from the earth to the moon, and investigates the feasibility of reduction of iron oxides in molten lunar soils by graphite on the moon with understanding the reaction process.
On the other hand, ironmaking on the earth has been conventionally carried out using high grade iron ores containing more than 60 mass% of iron oxides mainly in blast furnaces. To extend the acceptable iron ore grade range to low grade iron ores which are not suitable for pre-sintering, the Direct Iron Ore Smelting Reduction Process (DIOS) has been recently proposed and investigated in a national project. 3) To elucidate the reaction mechanism in this kind of process, many fundamental investigations have been made on reduction behaviour of molten iron oxides by graphite [4] [5] [6] [7] [8] and Fe-C droplet, [9] [10] [11] [12] [13] and reported that the order of reaction and rate determining step strongly depend on the experimental conditions such as reducing materials and slag compositions used. The concentration of iron oxides in lunar soils is much lower than those in common iron ores on the earth and, thus, the reduction behaviour of iron oxides in SiO 2 rich slags by graphite should be further discussed. Consequently, the present work aims:
• to investigate the reduction behaviour of iron oxides in simulated lunar soil melts.
• to discuss the reaction kinetics from the perspective of the apparent reaction rate and rate-determining step.
• to discuss the possibility of ironmaking from lunar soils In space exploration including the utilization of materials and energy outside the earth, construction of a moon base is one of considerable measures to develop the front line. Due to the huge cost of transportation from the earth, structural materials such as iron should be in-situ produced on the moon. Fortunately, the Apollo 14 mission has reported that the lunar soil contains about 10 mass% of iron oxides. When considering ironmaking from lunar soils by graphite on the moon, understanding the reduction behaviour should come first but has not yet been attempted for iron resources whose concentration of iron oxides is as low as 10 mass%. Thus, the present work has focused on reduction kinetics of iron oxides in molten lunar soil simulant by graphite, and apparent rate constants for reduction reactions have been derived from experiments with systematic variation in reduction conditions for comprehensive discussion about the reaction mechanism. The apparent rate constant derived is 2.0ϫ10 Ϫ4 cm/s at 1 803 K and the corresponding activation energy estimated is about 360 kJ/mol. The use of a graphite rod rotation mechanism enabled the stirring condition to be changed, resulting in a finding that stronger stirring shifts the rate-determining step from reduction of FeO by CO gas to direct reduction of FeO by graphite. On the basis of all these kinetic findings, it is likely that ironmaking from lunar soils by graphite on the moon is possible in that high vacuum and low gravity conditions would probably promote the removal of CO gas film from the graphite surface.
by graphite reduction.
Experimental

Lunar Soil Simulant
It is impossible to use actual lunar soils for experiments because of the scarcity, and a lunar soil simulant (FJS-1) supplied from JAXA was employed in the present work. The lunar soil simulant means simulated lunar soils, which reproduce the average chemical compositions and the size distribution of grains in lunar soils. Table 1 gives the chemical compositions of the lunar soil simulant determined by X-ray fluorescence analysis (XRF), where the concentration of iron oxides was stated as Fe 2 O 3 since the valency of iron cannot be determined by the method. Table 1 indicates that the analysed chemical compositions are in good agreement with the reported chemical compositions. The melting point of the lunar soil simulant was determined to be about 1 550 K by differential thermal analysis (DTA) and laser microscope observation. All the reduction experiments in the following were conducted above this temperature.
Principle
The reduction of iron oxides in the lunar soil simulant by graphite would be composed of several reactions as follows:
FeO (in simulant, l)ϩC (graphite)→Fe (s)ϩCO (g)... To investigate the reaction mechanism, reduction experiments were carried out with systematic variation in physical parameters such as the reaction area, temperature and stirring condition. The apparent reaction rates were obtained to elucidate the predominant reaction path and the rate-determining step. Figure 1 shows a schematic diagram of the experimental apparatus used for reduction of iron oxides in molten lunar soil simulant by graphite. The furnace having a SiC heating element had a vertical reaction tube (70 mm o.d. and 60 mm i.d.), in which a crucible containing lunar soil simulant was placed in the uniform temperature zone. The furnace was operated by a proportional-integral-differential (PID) controller. Temperature was measured with a Pt-Pt/13%Rh thermocouple set just beneath the crucible. An argon gas with 99.998 % purity was supplied to the furnace during the experiment.
Experimental Apparatus
Experimental Procedure
Change in Reaction Area
About 50 g of lunar soil simulant was placed in a graphite crucible (45 mm o.d. and 35 mm i.d.). To change the reaction area, as shown in Fig. 2 , a graphite rod having 10 or 25 mm diameter was screwed on the bottom of the graphite crucible in its center, and both graphite crucible and rod served as reductants to iron oxides. To avoid the overflow of molten lunar soil simulant by CO gas foaming, the masses of the simulant used were 24.5 g for a rod of 25 mm diameter and 45 g for a rod of 10 mm diameter. After temperature reached 1 803 K, a graphite crucible containing lunar soil simulant was placed in a flow of argon (300 mL/min). This charge of the crucible caused a slight temperature fall, followed by establishment of thermal equilibrium within 0.6 ks. This establishment was considered as the starting time of reduction experiment, which was conducted for required times from 1.8 to 7.2 ks. During the experiment, the emission gas was sampled with an interval of 0.9 ks or 1.8 ks and submitted to gas chromatography measurements to monitor the gas composition. After the experiment, the crucible was quickly taken out from the furnace, followed by argon flushing for rapid cooling. The sample was longitudinally sectioned and polished for optical microscope observation and XRF analysis.
Change in Temperature
The experimental setup used in this series was almost the same as above. The holding temperature for reduction was varied from 1 706 to 1 772 K, and the holding time was 7.2 ks. Slag samples for chemical analysis were taken every 1.8 ks, for which the top silicone stopper was opened, and a silica tube (8 mm i.d. and 10 mm o.d.) was immersed into molten stimulant to obtain about 1 g of sample, which was submitted to XRF analysis. Figure 3 shows the experimental setup used in this series, where a graphite rod rotation mechanism was equipped to change the stirring condition of the molten simulant. To focus only on reduction by graphite rods, an alumina crucible (52 mm o.d., 46 mm i.d. and 66 mm height) shown in Fig. 3 was used instead of graphite crucible.
Change in Rotational Speed of Graphite Rod
After temperature reached 1 803 K, a graphite crucible containing lunar soil simulant was placed in a flow of argon (300 mL/min). After thermal equilibrium was established again, a graphite rod of 15 mm diameter was connected to the rotation equipment via a titanium rod, and immersed into the molten simulant at the height of 7 mm from the crucible bottom, and then was started to rotate. The reduction time was 10.8 ks, and the rotational speed was varied from 0 to 902 rpm; however, at 902 rpm, a titanium rod was crooked by strong torque caused by viscous friction with molten simulant after 7.2 ks, at which this experiment was terminated. Slag sampling was conducted every 3.6 ks by the same method as above, and the chemical compositions were determined by XRF. Figure 4 shows the change with time in CO and CO 2 concentrations in emission gas analysed by gas chromatography. With the passage of time, the total amounts of produced CO and CO 2 gradually decrease, and the concentration of CO 2 rapidly becomes almost zero. Accordingly, when the main reaction path is apparent direct reduction reaction by carbon which consists of two successive reactions expressed by Eqs. (2) and (3), the Boudouard reaction (Eq. (3)) would not control the total reaction rate because it is likely to reach the equilibrium rapidly; otherwise, a considerable amount of CO 2 would have been detected due to insufficient reduction by carbon.
Results
Compositions of Emission Gas
Reaction Behaviour of Other Oxides
In the present work, oxides other than iron oxides are not expected to be reduced by graphite. The thermodynamic stability of CaO, Al 2 O 3 and SiO 2 predicts that these oxides are not reduced by graphite under the present experimental conditions, which has been demonstrated by the results shown in Fig. 5 : the concentrations of CaO, Al 2 O 3 and SiO 2 in the simulant remain unchanged throughout the experiment. Accordingly, these oxides give no effect on the reduction behaviour of iron oxides.
Reduction Behaviour of Iron Oxides
As mentioned in Chap. 2, three series of experiments were conducted in the present work. The results are shown in order below.
© 2010 ISIJ Figure 6 shows cross-sectional views of samples obtained in the experiments at 1 803 K with (a) crucibles only, (b) crucibles having 10 mmf graphite rods and (c) crucibles having 25 mmf graphite rods. In every sample, large sized gas bubbles form at the initial stage of reduction and gradually disappear, and still molten simulants exist after 3.6 ks. Metallic iron produced is found mainly on the graphite crucible and rod. Figure 7 summarizes the change with time in the FeO concentration in molten simulants obtained in the experiments at 1 803 K using the three kinds of graphite crucible setup, where the "FeO" concentration has been converted from the analysed iron concentration because XRF analysis does not give any information on the valency of iron. Furthermore, the analysis has also confirmed that the FeO concentration is almost uniform in the horizontal direction inside the simulants, irrespective of the holding time. It can be seen from the figure that, in the initial stage of reduction, the FeO concentration rapidly decreases with time and that the slope of the curve between the FeO concentration and time is in the hierarchy 'crucible having 25 mmf graphite rod'Ͼ'crucible having 10 mmf graphite rod'Ͼ'crucible only'. This hierarchy would reflect the magnitude of the reaction area. For the experiment with crucibles having 25 mmf graphite rods, the FeO concentration becomes extremely small in 3.6 ks and afterwards is almost unchanged. Figure 8 shows the change with time in the FeO concentration in molten simulants in the experiments at 1 706, 1 733 and 1 772 K. The reduction reaction proceeds more rapidly at higher temperature. In addition, the reaction rates in this series seem smaller than that in the previous experiments at 1 803 K. The general tendency that high temperature promotes the reaction rate applies in these results. Figure 9 shows the change with time in the FeO concentration in molten simulants in experiments at 1 803 K with graphite rod rotation. The FeO concentration decreases more rapidly as the rotational speed is higher, which suggests that stirring is effective for promoting the reduction reaction. As clearly seen in this figure, the reaction rate increases with an increase in the rotational speed up to 498 rpm, beyond which there is no change observed. It is likely that the rate-determining step changes at this rotational speed, which is discussed in more detail in the following chapter.
Effect of Reaction Area
Effect of Temperature
Effect of Stirring
Discussion
Iron oxides in molten simulants exist actually in the forms of FeO and Fe 2 O 3 ; however, the present discussion assumes that all iron oxides are in the form of FeO for simplicity. As shown in Fig. 10 , the reduction process can be classified into two types of reaction path, elementary steps of each being considered as follows: interface to bulk molten simulant phase or gas film. The slowest reaction in these elementary steps serves as the rate-determining step. For case (1), the mass transfer of Fe and FeO or interfacial chemical reaction is likely to be the rate-determining step, because CO gas is likely to be transferred more easily. For case (2), CO gas reduces FeO, resulting in the formation of Fe and CO 2 gas, the latter being subsequently reduced by graphite into CO gas, which is the Boudouard reaction, Eq. (3). Now note that the concentration of CO 2 in emission gas becomes almost zero at the very early stage of reduction, as shown in Fig. 4 , which suggests that the Boudouard reaction reaches equilibrium very quickly and has little possibility of controlling the total reaction rate. As a consequence, the rate-determining step is likely to be the mass transfer of Fe and FeO or interfacial chemical reaction in case (2) as well as in case (1). In addition, the mass transfer of Fe might not determine the rate under the present condition because the interfacial area is not considerably changed by the formation of metallic iron on the graphite surface as shown in Fig. 6 . Consequently, the rate equation is derived for cases where the rate-determining step is (a) the mass transfer of FeO, (b) the direct reduction reaction given by Eq. (1) and (c) the reduction reaction of FeO by CO gas in the apparent direct reduction given by Eq. (2) in the following. (4) where D is the diffusion coefficient of FeO in molten simulant, C FeO is the FeO concentration, and x is the horizontal distance from the graphite-simulant interface. Equation (4) can also be expressed as Ϫ4 mol% from thermodynamic data, 14) assuming that the activities of graphite and iron are unity and the partial pressure of CO is 1 atm, and thus the term C e FeO is negligible. Usually, the mass transfer rate constant (k m ) is defined as Eq. (6), and thereby Eq. (5) (7) In addition, the value of J FeO means the amount of FeO passing through a unit area per a unit time and can also be expressed using the interfacial area (A), the bulk volume (V) and the holding time (4), (7) and (8) 
(b) Direct Reduction Reaction
The reaction rate (n DR ) for Eq. (1) is represented by Eq. (10) assuming the first order reaction.
... (10) where k DRϩ and k DRϪ are the rate constants of the forward and backward reactions given by Eq. (1), respectively, a i is the Raoultian activity of component i and P j is the partial pressure of gas component j. From the results of reduction experiments, it is likely that the reaction of Eq. (1) always proceeded to the right hand side during the experiments and that the system was far away from equilibration; thus, the backward reaction is neglected. Furthermore, the condition a C ϭ1 applied throughout the experiment, and a FeO is assumed to obey Raoult's law. As a consequence, Eq. (10) (12) where k ADRϩ and k ADRϪ are the rate constants of the forward and backward reactions given by Eq. (2), respectively. From the results of reduction experiments, it is likely that the reaction of Eq. (2) always proceeded to the right hand side during the experiments. Furthermore, Fig. 4 has suggested that the Boudouard reaction reached equilibrium very quickly, and thereby the values of P CO and P CO 2 can be considered as 1 and 0 atm, respectively. Accordingly, the backward reaction has been neglected and Eq. (12) has been modified to Eq. (13).
................... (13) As a consequence, the above discussion indicates that the reduction reaction rate (n) can be expressed in the mathematical form of Eq. (14) (14) where k t is the apparent rate constant of the total reaction. The above expression has been integrated under the initial condition that C FeO ϭC (15) where V and A are assumed to be time independent. Now Eq. (15) is applied to the experimental results to estimate the value of k t . Figure 12 shows the value of V · A Ϫ1 · ln C FeO plotted against time on the basis of Fig. 7 , where the values for V and A have been estimated from the height of slag and the diameter of graphite rod after 7 200 s due to few bubbles in the bulk. There are fairly good linear relationships between V · A Ϫ1 · ln C FeO and t, and values of k t have been obtained from the slopes of these straight lines, as given in Table 2 . It can be seen from this figure that several data are not on the lines and thereby the slope of each time period is not strictly constant, which reflects some results in Fig. 7 , mainly the data obtained at 1.8 ks in the experiments using a crucible having 10 mmf graphite rod and a crucible only. However, the rate constants have been determined from the slopes of the straight lines since these lines express the whole behavior fairly well. The values of k t at 1 803 K are close to each other, about 2.0ϫ10 Ϫ4 cm/s on average, irrespective of the interfacial area for reaction, except for the value obtained in the time period between 3.6 and 7.2 ks in the experiments using graphite crucibles having 25 mmf graphite rods. In this region, the FeO concentration in the bulk became very small as seen in Fig. 7 , resulting in shortage of mass flux of FeO supplied to the boundary layer due to small driving force for mass transfer. Consequently, the rate-determining step would change to the diffusion of FeO in the bulk of molten simulant from the chemical reaction or diffusion, respectively, at or near the interface between molten simulant and reductant. For the cases of 'crucible having 10 mmf graphite rod' and 'crucible only', the decrease rates seem changed at 3.6 ks; however, the final concentrations at 7.2 ks return to the initial tendencies. Thus, it has been considered that the rate-determining step was not changed throughout the two experiments. The agreement in the values of k t in Table 2 also supports that the first order reaction assumed in Eq. (14) is reasonable. Figure 13 shows the value of V · A Ϫ1 · ln C FeO plotted against time on the basis of Eq. (15) using the data in Fig.   8 . Very good linearity has been obtained for each temperature and has provided values of k t in Table 3 , which also includes the value for 1 803 K in comparison. The value of k t increases with an increase in temperature, suggesting the presence of a thermally activated process. Thus, these values of k t are analysed on the basis of the Arrhenius equation and expressed by Eq. Equation (16) indicates that the activation energy can be determined by plotting the logarithm of k against the reciprocal of T. Figure 14 shows a plot between the logarithm of k t and the reciprocal of T on the basis of Eq. (16) using the data in Table 3 . It can be seen that there is very good linearity, from which the apparent activation energy has been determined to be 360Ϯ27.6 kJ/mol. It is generally known that the activation energy is roughly in the range between 10 and 100 kJ/mol for mass transfer and is greater than 100 kJ/mol for chemical reaction. From a value of the activation energy of 360 kJ/mol, the rate-determining step for FeO reduction in molten simulants is considered to be chemical reaction. However, there are three chemical reactions to be considered as the rate-determining step, namely, (i) the reduction of FeO by graphite, (ii) the reduction reaction of FeO by CO gas and (iii) the Boudouard reaction. With respect to the Boudouard reaction, Sasaki et al. have reported an interesting investigation about the reduction reaction rate of iron oxides in molten FeO-SiO 2 by graphite. 6) They have shown that the Boudouard reaction is the rate-determining step at high FeO concentrations and that the rate of Boudouard reaction does not depend on the FeO activity. However, the Boudouard reaction should not be taken into account in the present work because the first order reaction could have successfully described the present experimental data, as mentioned above. Accordingly, the following discussion focuses on the direct reduction of FeO by graphite and the reduction reaction of FeO by CO gas. Figure 15 shows the value of V · A Ϫ1 · ln C FeO plotted against time on the basis of Eq. (15) using the data in Fig. 9 obtained in the experiments with stirring. There are good linear relationships between V · A Ϫ1 · ln C FeO and t, and values of k t have been derived from the slopes of these straight lines and are shown as a function of the rotational speed in Fig. 16 . The value of k t increases with increasing rotational speed and reaches a constant value of 9.0ϫ10 Ϫ4 cm/s at 500 rpm, which suggests that the rate-determining step depends upon the rotational speed. Now note that the possibility of mass transfer control has been denied earlier from the magnitude of the activation energy. Consequently, a model as shown in Fig. 17 has been proposed to explain the reduction mechanism. Where there is no stirring, the total reaction proceeds by the apparent direct reduction, and the rate-determining step is the chemical reaction of FeO in molten simulant with CO gas at the interface between gas film and molten simulant. However, stirring removes the gas film layer from graphite rod and promotes the direct contact between simulant and graphite; namely, the total reaction changes from the apparent direct reduction to the direct reduction with an increase in the rotational speed. This model is supported by a previous work by Sugata et al., 4) who have investigated the reduction rate of iron oxides in FeO-SiO 2 melts mainly at high FeO concentrations using graphite rod rotation and shown that the direct reduction by graphite is the rate-determining step at sufficiently high rotational speeds. Enough stirring enables FeO to contact with graphite directly and the same mechanism would be in operation although the present system is different from the reported.
On the basis of the reduction mechanism, discussion is made about ironmaking on the moon using lunar soils and graphite. Table 4 gives comparison between physical conditions of the moon and the earth. 15) For example, the gravity on the moon is one sixth of that on the earth, and the atmospheric pressure on the moon is about 10 Ϫ15 atm. It is likely that these factors give significant effects on the reduction rate of FeO. From a simple viewpoint of pressure equilibrium, gas film formed around graphite on the moon has a driving force to expand to a volume which is 15 orders of magnitude larger than that on the earth as long as the static pressure of molten slag is not considered. In actuality, the static pressure on the moon is also one sixth of that on the earth. Accordingly, the physical conditions of the moon could expand gas film drastically and operate strong buoyancy, which would cause gas film to remove from graphite even more easily. As mentioned above, on the other hand, the reduction rate is increased by a shift of the rate-determining step from the reduction by CO gas to that by graphite, which shift is promoted by the removal of gas film from graphite. Consequently, there is enough possibility of reducing iron oxides in lunar soils by graphite on the moon from the kinetic viewpoint.
Conclusions
The reduction kinetics of iron oxides in lunar soil simu- lant by graphite has been systematically investigated. The findings can be summarized as follows:
(1) The apparent rate constants of the total reaction lie between 0.50ϫ10 Ϫ4 and 2.0ϫ10 Ϫ4 cm/s in the temperature range 1 706-1 803 K, and its apparent activation energy is 360 kJ/mol.
(2) The apparent rate constant increases with an increase in the rotational speed of graphite rods and keeps a constant value of 9.0ϫ10 Ϫ4 cm/s at rotational speeds higher than 500 rpm.
(3) Stirring by graphite rod rotation would change the rate-determining step from the reduction of FeO by CO gas to the direct reduction of FeO by graphite.
(4) High vacuum and low gravity conditions on the moon would promote the removal of CO gas film from graphite, and there is enough possibility of ironmaking from lunar soils by graphite on the moon from the kinetic viewpoint.
